We explore the glassy dynamics of soft colloids using microgels and charged particles interacting by steric and screened Coulomb interactions, respectively. In the supercooled regime, the structural relaxation time τα of both systems grows steeply with volume fraction, reminiscent of the behavior of colloidal hard spheres. Computer simulations confirm that the growth of τα on approaching the glass transition is independent of particle softness. By contrast, softness becomes relevant at very large packing fractions when the system falls out of equilibrium. In this non-equilibrium regime, τα depends surprisingly weakly on packing fraction and time correlation functions exhibit a compressed exponential decay consistent with stress-driven relaxation. The transition to this novel regime coincides with the onset of an anomalous decrease of local order with increasing density typical of ultrasoft systems. We propose that these peculiar dynamics results from the combination of the non-equilibrium aging dynamics expected in the glassy state and the tendency of colloids interacting through soft potentials to refluidize at high packing fractions.
The dramatic slowing down of the structural relaxation time upon modest variations of a control parameter is a general phenomenon observed in a wide range of glassformers, ranging from molecular systems [1, 2] , to soft matter [3] and biological systems [4] . For colloidal systems, the relevant control parameters are the particle volume fraction ϕ and the strength of the interparticle interactions. Because hard sphere interactions are central to theoretical and computational studies that capture the essence of the glass transition [2] , hard sphere colloidal systems have been extensively investigated [3] .
The glass transition of hard sphere systems is well documented. With increasing ϕ, positional correlations develop, reflected by the appearance of a diffraction peak in the static structure factor S(q) at a wavevector q max corresponding to the typical interparticle distance. Both q max and S(q max ) monotonically increase with ϕ, whereas the structural relaxation time τ α measured, e.g., in scattering experiments increases by several orders of magnitude. The initial growth can be described as a power law divergence, τ α ∝ (ϕ mct − ϕ) −γ [5, 6] , consistent with mode-coupling theory [7] . The data at deep supercooling are better fitted to an exponential divergence, τ α ∼ exp[A/(ϕ 0 − ϕ) δ ], where typically ϕ 0 > ϕ mct [8] . This exponential growth bears some (formal [9] ) resemblance with the fragile behaviour of molecular glassformers [10] . Compressing hard spheres further, the system enters a non-equilibrium aging regime, where the relaxation time increases rapidly with the age of the material [11] , until it becomes so large that no relaxation is measurable on accessible time scales.
The focus recently shifted from hard colloids to a large variety of soft colloidal particles, such as emulsions, microgel suspensions or biological systems, in view of their interest for both fundamental science and applications [12] . Soft colloids can overlap and deform and may thus be compressed up to packing fractions that cannot be explored with hard particles. Two striking signatures of particle softness were reported. First, softness results in an anomalous non-monotonic evolution of S(q max ) with ϕ, which initially increases as in hard spheres, but then decreases at larger ϕ [13] [14] [15] [16] [17] , as a result of a competition between entropy and energy [18] . Theory suggests that this loss of local order at large ϕ is accompanied by a reentrant glass transition and a complete suppression of aging [19] , reported in Ref. [20] . Second, it was argued [10, 17, [21] [22] [23] that softness changes the nature of the glassy dynamics. In particular, a very gradual increase of the relaxation time of the form τ α ∼ exp(Bϕ) was reported [10, 23, 24] , in stark contrast with hard sphere behaviour and other studies of soft particles [9, [25] [26] [27] [28] . These conflicting reports show the lack of consensus about how softness impacts the dynamical slowing down with density, and how structural and dynamical anomalies relate to each other.
In this work, we provide a coherent picture of the behaviour of colloidal particles interacting via a soft, repulsive potential, by determining experimentally the ϕ-dependent structural, dynamical and rheological properties of soft colloids. We support our results using a simple numerical model of soft particles, where the magnitude of soft repulsion can be easily tuned over a very broad range and its impact on the equilibrium glassy dynamics analysed carefully. Previous experiments predominantly focused on microgel particles [10, 13, 21, 23, 28, 29] formed by permanently crosslinked polymer chains. While microgels are a convenient experimental realization of soft particles [12] , their polymeric nature introduces additional degrees of freedom and complexity, making data interpretation difficult: whether microgels deform [10, 30] or interpenetrate [31] at high volume fraction is still a debated issue, as is the role of entanglements and chain relaxation in the observed dynamics [28] . In our work, we overcome these difficulties by systematically comparing the behavior of microgels to that of compact silica particles interacting via a soft potential, for which no polymeric degrees of freedom are present. This allows us to disentangle unambiguously the role of particle softness from any other effect. The microgels are poly(N-isopropylacrylamide) (PNiPAM) microgels synthesized as in [1] , which we produce in two batches with hydrodynamic diameter of respectively d h = 353 nm and d h = 268 nm at temperature T = 293 K. The silica particles are Ludox-TM 50 (Sigma-Aldrich), with d h = 46 nm, see [33] for details on the samples and their preparation. Silica particles are compact, hard and undeformable, but they interact through a soft repulsive Yukawa potential, due to their surface charge. The static structure factor of the suspensions is obtained either by static light scattering (SLS, for the microgels) or by small-angle X ray scattering (SAXS, for the silica particles), where q = 4πnλ −1 sin(θ/2) is the scattering vector, with λ = 532.5 (resp., 0.154 nm) the wavelength of the incident laser (resp., X-ray) radiation, n the solvent refractive index and θ the scattering angle. The macroscopic flow properties are measured by rheology, using a stress-controlled rheometer [33] . The microscopic dynamics are probed by dynamic light scattering (DLS [34] ), using a commercial apparatus for diluted samples and custom setups [35, 36] with a CMOS detector for concentrated suspensions. Most of the DLS data are collected at θ = 90
• (q = 22.19 µm −1 ), but we also perform experiments at θ = 180
• (q = 31.39 µm −1 ). DLS experiments yield the two-time intensity autocorrelation function g 2 (q; t w , τ ) − 1 describing the relaxation of density fluctuations of wavevector q, as a function of sample age t w and delay time τ [33] . The intensity correlation function is related to the intermediate scattering function f (q; t w , τ ) by g 2 − 1 = f 2 . We use molecular dynamics to simulate soft repulsive particles interacting via a harmonic potential, as detailed in Ref. [9] . The harmonic potential is a good model for soft microgels [37] . The model neglects polymeric degrees of freedom. Its physics is controlled by the particle softness, which can be tuned at will, and which is expressed by the ratio˜ = /(k B T ) between the elastic energy scale, , and thermal fluctuations, k B T . The system behaves as nearly hard spheres when˜ > 10 6 , whereas soft microgels typically have˜ ≈ 10 3 [37, 38] . Simulations are used to understand the impact of particle softness on the equilibrium glassy dynamics, and we do not explore the aging regime numerically.
Selected examples of the ϕ-dependent flow curves are shown in Fig. 1(a) , where shear stress σ is normalized by the entropic stress of dense Brownian suspensions, stant. Newtonian behaviour, σ ∝γ, is observed at low ϕ. With increasing ϕ we start to observe shear-thinning, and for ϕ ≥ 0.79 we find that the flow curves are wellfitted by the Herschel-Bulkley law [39] , σ = σ y + aP e b . This signals the emergence of a finite yield stress σ y and thus marks a transition from a fluid to an amorphous solid [39, 40] . Near the transition, we find σ y /σ T ≈ O(1), as observed for Brownian hard spheres [40] . This is a first indication that the glass transition of microgels is driven by entropy, as for hard spheres, rather than by particle elasticity [38, 41] . The flow curves for silica particles exhibit a similar behavior [33] , except that a measurable yield stress emerges at much lower volume fraction, ϕ ≈ 0.395, confirming the key role played by long-range repulsion.
The evolution of the microscopic dynamics across the transition to solid-like behavior is shown in Fig. 1(b) , where we display the data obtained for the PNiPAM samples. The correlation functions exhibit distinct characteristics, which suggest the existence of three regimes. In regime I, corresponding to ϕ < 0.5, the dynamics are fast and g 2 − 1 decays exponentially, with a decay time close to τ 0 , the relaxation time in the dilute limit. In regime II, 0.5 ≤ ϕ < 0.85, the dynamics slow down dramatically with increasing ϕ. The relaxation time obtained from a stretched exponential fit to the final decay of the correlation function,
, increases by 7 orders of magnitude ( Fig. 2(a) ). Concurrently, the shape of g 2 − 1 becomes stretched, β < 1, as shown in Fig. 1(b) ), indicating a tighter particle caging, the final relaxation time is weakly sensitive to ϕ, in stark contrast with regime II, see Fig. 2(a) . A similar saturation of the relaxation time at very high ϕ has been reported very recently in PNiPAM-grafted polystyrene particles [28] , and was attributed to the relaxation of the polymer shell. Crucially, we find that the same behaviour is observed for the Ludox suspensions [33] , see Figs. 2(b, d) . This rules out the polymeric nature of PNiPAM as an explanation and suggests that the scenario emerging from Fig. 1 is instead a more general feature of soft colloidal particles. Remarkably, our data in regime II do not display the gradual (or 'strong') increase of τ α reported in Ref. [10] for microgels, but a very steep (or 'fragile') increase.
The transition between regimes II and III is characterized by the saturation of τ α and by a marked minimum of the stretching exponent β, which first decreases to β ≈ 0.4 but then steeply increases to β ≥ 1, indicative of compressed exponential relaxation. Remarkably, the sharp dynamic crossover between regimes II and III is reflected in the static structure factor. The magnitude of the peak of the structure factor, S(q max ), evolves nonmonotonically with ϕ; it exhibits a maximum close to the transition between the two regimes, see Figs. 2(e, f). The decrease of S(q max ) at large ϕ is a distinctive feature of ultrasoft potentials [13, 14] . It is ascribed to the entropy gained by the exploration of a large number of disordered configurations whose energy cost remains modest due to the soft particle interaction [18] . This anomalous structural evolution suggests that the dynamical hallmarks in regime III are specific to soft colloids, in contrast to those of regime II, which are not.
This expectation is quantitatively confirmed in Fig. 3 which gathers τ α (ϕ) for several systems. To compare different materials, we follow the glass literature [2] and rescale ϕ by ϕ g , a 'glass transition' volume fraction arbitrarily defined by τ α (ϕ g )/τ 0 = 10 5 , which corresponds to τ α ≈ 100s for our systems. We also display numerical data for soft harmonic particles with softness varying over more than two orders of magnitude, and literature data from experiments on colloidal hard spheres [8] . We find that the sharp increase of the relaxation time in the equilibrium regime II is unaffected by particle softness, by the interaction type, by internal degrees of freedom, or by particle deformability. All data collapse onto a master curve, which is well described by the same steep exponential divergence describing the hard sphere behav- (a) ior [8] . Other fragile functional forms have been tested, yielding similar results [33] . This behavior is also robust with respect to the probed lengthscale, since data collected at various qd h fall onto the same mastercurve. This universal behavior is in stark contrast with the central finding of Ref. [10] . Our PNiPAM microgels are slightly softer [33] than the softest particles of [10] ; thus, the discrepancy can not be attributed to particle softness itself. Rather, we attribute it to osmotic deswelling, which is specific to charged microgels such as those of [10] . Recent work [29, 42] indicates that charged microgels significantly deswell as their concentration is increased, due to the decrease in the osmotic contribution of the counterions to particle swelling. Owing to deswelling, both the particle size and the interparticle interactions change with ϕ, resulting in the observed 'strong' behaviour. Altogether, the idea that softness alone affects the nature of the growth of τ α in the equilibrated supercooled regime needs drastic revision.
While regime II is generic to all colloids (hard and soft), the behaviour in regime III is instead specific to very soft colloids; it is not observed for hard spheres. An explanation for the mild ϕ dependence of τ α in regime III could be that measurements are limited by setup instabilities. To rule this out we performed several tests [33] , including the simultaneous measurement of the dynamics of the same system placed in two independent chambers, as shown in Fig. 4(b) [11, 12] . The fluctuations in g 2 − 1 observed for the two chambers are not correlated, see Fig. 4(a) . Therefore, the observed dynamical fluctuations do not result from instabilities of the experimental setup, but occur spontaneously within the sample itself.
The dynamical behaviour in regime III is clearly not the smooth continuation of the equilibrium regime II. Our experiments suggest that the system is in fact out of equilibrium and displays aging behaviour. In Fig. 4(d) , we show the age dependence of τ α for representative concentrated PNiPAM samples. At ϕ = 0.743, in regime II, τ α is age-independent, as expected for equilibrium dynamics. At higher ϕ, in regime III, the relaxation time fluctuates erratically and increases, albeit very slowly, suggesting lack of full equilibration. Note that for all samples we access the t w > τ α regime (see red line in Fig. 4(d) ), which insures that the experiments lasted long enough for the measured relaxation time not to be limited by the aging time itself.
The interpretation of regime III as an aging regime is further confirmed by the appearance of a compressed exponential decay of time correlation functions (β ≥ 1), and by the significant temporal fluctuations of the dynamics observed experimentally in regime III (see Fig. 4(a) ). These are typical signatures found in non-equilibrium, glassy soft matter, which result from an intermittent release of internal stresses [45, 46] . These events are known to trigger long-ranged dynamical heterogeneities [11, [47] [48] [49] . We have indeed detected a sharp increase of dynamical heterogeneity at the transition between regimes II and III. This is shown in Fig. 4(c) , which reports the evolution of the dynamical susceptibility χ(τ α ) = var[g 2 (t, τ α )] [50, 51] . An analogous non-monotonic behavior of the dynamic susceptibility was reported previously for similar concentrated PNiPAM suspensions [52] .
A key difference between the aging of hard and soft particles is the very mild increase of the relaxation time with both sample age and packing fraction in Figs. 3 and 4(d). By contrast, spontaneous relaxation cannot be observed in hard sphere glasses. We believe that the difference stems from the observed structural evolution of soft systems, which display a weakening of local order, as revealed by the sharp decrease of S(q max ) at large ϕ. In glassy systems, increasing the structural disorder typically accelerates the dynamics [19] , which indeed appears to be faster in soft spheres than it is in hard spheres, for which S(q max ) keeps increasing with ϕ in the glass phase.
Our work shows that the glassy dynamics of soft colloids is markedly different from what has been assumed so far. Regardless of their softness, colloids exhibit in the supercooled regime a sharp increase of the equilibrium relaxation time similar to that of hard colloids. But in contrast to hard spheres, at larger density soft colloids enter a peculiar aging regime characterized by intermittent release of internal stress and with a mild aging of the structural relaxation time, due to particle softness. Our work provides a coherent picture of the glass transition of colloidal particles interacting via a soft potential. The strong similarities between the dynamics of charged compact particles and microgels suggests that the behavior uncovered by our experiments is quite general and insensitive to the details of the interaction potential. The comparison with previous findings for polymer-based systems and charged microgels [29, 42, 53] indicates that it is not softness per se but other mechanisms, such as osmotic deswelling and polymeric degrees of freedom, which are likely responsible for the 'strong'-like behavior reported earlier for some of these systems.
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PARTICLE SIZE
Two distinct batches of Poly-N-isopropylacrylamide (PNiPAM) microgels were synthesized by emulsion polymerization according to the protocol described in [1] and were suspended in a 2 mM NaN 3 aqueous solution, to prevent bacterial growth. PNiPAM microgels exhibit a lower critical solution temperature (LCST) close to room temperature, which results in a temperature-dependent size of the particles. We characterized the T -dependent size of our microgels by measuring their hydrodynamic diameter d h with conventional dynamic light scattering (DLS) [2] , using a goniometer equipped with a Brookhaven correlator (BI-9000 AT) and working at very high dilution (w/w concentration c ≤ 10 
SAMPLE VOLUME FRACTION
The quoted volume fraction of the microgel suspensions has been obtained from their mass fraction c (known from the synthesis) using ϕ = αc , where α = 28.65 at T = 293 K is determined by fitting the zero-shear viscosity of diluted suspensions to Einstein's law, η = η s (1 + 2.5αc), with η s the viscosity of the solvent [3] . In the experiments, the volume fraction is varied either by changing c or by varying T and hence the particle size [1] . Temperature is always kept in the range 290.15 K ≤ T ≤ 303.15 K, well below the LCST, thus avoiding the onset of attractive interactions and the sharp change of electrophoretic mobility reported for PNiPAM microgels at high T [4] .
For the silica particles, ϕ is controlled by varying c and is calculated from ϕ = cρ s / [ρ p − c(ρ p − ρ s )], where ρ s = 0.998 g/ml is the density of water at 20
• C and ρ p = 2.2 g/ml that of the particles. c is measured by drying an aliquot of the sample.
DEBYE LENGTH OF THE LUDOX SUSPENSIONS
The screening length characterizing Ludox suspensions in absence of added salt is a function of the particle concentration and can be calculated by imposing that each ionized group on the particle surface releases one Na + counterion. We calculate the number of ionized groups per particles by measuring their ζ-potential at very low concentration (ϕ = 10 −4 ). We obtain ζ = −37 ± 4 mV. The measured ζ-potential is the value of the electrostatic potential at the slipping plane, which is at a distance δ from the particle surface. ζ can be related to the surface potential Ψ(R h ), i.e. the electrostatic potential at distance R h from the center of the colloid, via the GouyChapman model [5, 6] as
(1) where k B is the Boltzmann constant, T is the absolute temperature, e the elementary charge, = 6.90 · 10
−10
F/m is the dielectric permittivity of water, and
is the Debye length that takes into account the counterions released by each particle in a suspension at particle volume fraction ϕ. By imposing that the electrostatic potential at the particle surface is Ψ(R h ) = zpe 4π R h and knowing that 0 nm ≤ δ ≤ 0.25 nm [7] we calculate numerically the valence z p of each particle and hence the Debye length as a function of ϕ. In the range of volume fraction investigated here, we obtain 17 nm≤ ξ D ≤ 24 nm. It's worth noting that for volume fractions ranging from ϕ = 0.35 (lower bound of Regime II) up to ϕ = 0.44 (maximum volume fraction investigated in regime III) the Debye length varies only marginally, from ξ D = 17 nm up to ξ D = 19 nm. Therefore, the interaction potential is almost independent of ϕ in the range of volume fractions over which the dynamics change the most.
PNIPAM MICROGEL SOFTNESS
We follow the method of [8] and obtain the compression modulus of our PNiPAM particles by measuring the variation of the particle size upon applying an external osmotic pressure, which is imposed by adding polyethylene glycol (PEG) with molecular weight M w = 35 kDa. We measure the PNiPAM size using dynamic light scattering for increasing concentrations c P EG of polymer. To extract the microgel size from the DLS data, we use the viscosity η PEG of the PEG35k solutions as measured by standard rheometry (for c PEG ≥ 1.5 wt %) or using an Anton Paar Lovis 2000 ME microviscosimeter (at lower c PEG ). The osmotic pressure Π has been measured with a cryo-osmometer (Gonotec -Osmomat 3000) for Π > 3000 Pa. For lower pressures, i.e. low polymer concentrations, we obtain Π from static light scattering (SLS) measurements. The isothermal compressibility of a PEG solution, 1/χ T = −c PEG ( dΠ dcPEG ), is related to the low-q limit of the intensity I scattered by the polymer solution by [9] 1/χ T = Γ 1
where λ is the laser wavelength, n the solution refractive index, Γ a setup-dependent constant, and ∆r the distance between two monomer units. Note that in the range of q-vectors accessible by our setup we easily probe the q∆r 1 regime. The dependence of dΠ dc on polymer concentration was fitted by a quadratic polynomial. The fitting function was then integrated, yielding the c PEGdependent osmotic pressure Π, up to the multiplicative constant Γ. Γ was determined by matching the osmotic pressure determined from SLS data to that obtained by cryo-osmometry, in the range of c PEG where both techniques are available. Figure SM-1 shows that, within the experimental uncertainty, our data closely match those reported by Mattsson et al. [10] for their softest microgels. We calculate the compression modulus K = −V ( dΠ dV ) of our PNiPAM microgels by performing a linear fit of the data at low pressure (Π < 4000 Pa, dashed line in Fig. SM-1) , obtaining K = 14.8 kPa. Alternatively, we fit the data over the full range of available ∆V /V using a parabolic function (solid line), Π = K
2 , obtaining K = 9.7 kPa. We conclude that the compression modulus of our microgels is of the order of 10-15 kPa, indicating that our PNiPAM microgels are somehow softer than the softest particles of Ref. [10] , for which K = 20 kPa.
STABILITY OF THE DLS SETUP
We successfully established the apparatus stability by using a fully frozen sample. We use a frosted glass, for which unavoidable mechanical instabilities eventually lead to a spurious relaxation of g 2 − 1, but only on very long time scales ≥ 3.5 × 10 6 s, more than a factor of 3.75 (resp., > 10 times) longer than the longest relaxation time measured for the silica (resp. the PNiPAM) particles. In addition, by collecting the scattered light in an imaging geometry [11, 12] , we are able to detect a potential drift of the sample that could also spuriously accelerate the dynamics, as recently argued by Gabriel and coworkers [13] . We find no measurable drift, confirming the setup stability.
RHEOLOGY
The flow curves for all samples in the regimes II and III were obtained by performing steady rate rheology experiments, using a stress-controlled AR 2000 rheometer (TA Instruments), equipped with a steel cone-and-plate geometry (cone diameter = 25 mm, cone angle = 0.1 rad). For the samples in the regime I a bigger cone (cone diameter = 50 mm, cone angle = 0.0198 rad) has been used.
STATIC STRUCTURE FACTOR S(q)
Figure SM-2 shows representative static structure factors S(q) measured for PNiPAM (a) and Ludox (b) suspensions, at various ϕ. Note that the height S(q max ) of the first maximum of S(q) initially increases with ϕ, but eventually decreases upon increasing volume fraction, as discussed in the main text. The height of the peak, S(q max ), reported in Fig. 2e-f ) of the main text is obtained from a Lorentzian fit (lines in Fig. SM-2 ).
ADDITIONAL DATA FOR LUDOX SUSPENSIONS Rheology and dynamic light scattering
Analogously to what has been reported in Figure 1 of the main text for the PNiPAM microgels, we show below in Fig. SM-3 the flow curves and the intensity correlation functions of suspensions of Ludox particles at representative volume fraction ϕ. 
Aging
Figure SM-4 shows the age dependence of τ α for representative concentrated Ludox samples. Note the fluctuations of τ α , which indicate that the suspensions are not fully equilibrated.
FITS TO THE DATA IN THE SUPERCOOLED REGIME, REGIME II
We have tested various fitting functions to model the data of Fig. 3 of the main manuscript in Regime II (supercooled regime). We fit log (τ α /τ 0 ) as a function of ϕ = ϕ/ϕ g with the following expressions: Equation 3 is the mode coupling theory (mct) prediction. Equation 4 with n = 1 is the usual Vogel-FulcherTammann law [14] . Leaving n as a free fitting parameter yields a generalized VFT law, analogous to the Avramov equation proposed for molecular glass formers [15] with the substitution 1/T → 1/(ϕ 0 − ϕ), to account for the apparent divergence of the relaxation time as the colloidal volume fraction approaches a critical packing fraction ϕ 0 . Equation 5 is the colloidal counterpart of the functions FF1 and FF2 (for m = 1 and 2, respectively) proposed in [15] , where again we have substituted 1/T with 1/(ϕ 0 − ϕ). Figure SM-5 shows the residues r = log (τ α /τ 0 ) data − log (τ α /τ 0 ) f it as a function of ϕ/ϕ g . The experimental and simulation relaxation times have been fitted in the range 0.6 ≤ log τ α /τ 0 ≤ 7.0, except for mct, where a smaller fitting range had to be used, 2.1 ≤ log τ α /τ 0 ≤ 5.1. Attempts to extend the mct fitting range led to nonphysical values of the exponent γ, which mct predicts to be in the range 2.5 − 2.7: as reported previously [16] , the mct exponent rapidly increases beyond γ = 2.7 when data at higher volume fractions are included in the fit. As seen in Fig. SM-5 , all fits give very close results. We quantify the goodness of the fits by calculatingχ 2 , the reduced chi-squared defined as χ 2 = (n p −p)
[log (τ α,i /τ 0 ) data −log (τ α,i /τ 0 ) f it ] 2 , with n p the number of fitted data points and p the number of fitting parameters. The reduced chi-squared is shown in Table SM-T1, together with the values of the fitting parameters. All functions have a very similar reduced chi-squared, indicating equal quality fits, with the exception of the mct expression, which has a smallerχ 2 . However, this is a consequence of the reduced interval over which the mct fit has been performed: when fitting the same set of data points with the other expressions, one recovers essentially the same fit quality. For example, over the reduced range of relaxation times used for the mct fit, one finds for the VFT expressionχ 2 = 0.079, to be compared to 0.077 for the mct function. In the main manuscript, we choose the VFT expression, since it fits satisfactorily the largest range of data with the smallest number of parameters.
